ABSTRACT Regional myocardial perfusion and exogenous glucose uptake were assessed with rubidium-82 (82Rb) and 18F-2-fluoro-2-deoxyglucose (FDG) in 10 normal volunteers and 12 patients with coronary artery disease and stable angina pectoris by means of positron emission tomography. In patients at rest, the myocardial uptake of 82Rb and FDG did not differ significantly from that measured in normal subjects. The exercise test performed within the positron camera in eight patients produced typical chest pain and ischemic electrocardiographic changes in all. In each of the eight patients a region of reduced cation uptake was demonstrated in the 82Rb scan recorded at peak exercise, after which uptake of 82Rb returned to the control value 5 to 14 min after the end of the exercise. In these patients, FDG was injected in the recovery phase when all the variables that were altered during exercise, including regional myocardial 82Rb uptake, had returned to control values. In all but one patient, FDG accumulation in the regions of reduced 82Rb uptake during exercise was significantly higher than that in the nonischemic regions, i.e., the ones with a normal increment of 82Rb uptake on exercise. In the nonischemic areas, FDG uptake was not significantly different from that found in normal subjects after exercise. In conclusion, myocardial glucose transport and phosphorylation seem to be enhanced in the postischemic myocardium of patients with exercise-induced ischemia. Circulation 74, No. 1, 81-88, 1986. IT HAS LONG been known that myocardial glucose utilization is enhanced as a consequence of faster anaerobic glycolysis during conditions of reduced oxygen availability, as proved by the greater lactate production.' The importance of coronary flow and washout of the interstitial space in maintaining an accelerated glycolytic rate has been emphasized by studies in isolated working rat hearts submitted to anoxia and ischemia.24 Both anoxia and ischemia produce an initial acceleration of the glycolytic rate caused by rapid activation of glycogen breakdown, which lasts less than 10 min. Thereafter, as tissue glycogen is depleted, the glycolytic rate remains accelerated in the anoxic heart because of a greater utilization of exogenous glucose. In contrast, in the ischemic heart, the From the M.
IT HAS LONG been known that myocardial glucose utilization is enhanced as a consequence of faster anaerobic glycolysis during conditions of reduced oxygen availability, as proved by the greater lactate production.' The importance of coronary flow and washout of the interstitial space in maintaining an accelerated glycolytic rate has been emphasized by studies in isolated working rat hearts submitted to anoxia and ischemia.24 Both anoxia and ischemia produce an initial acceleration of the glycolytic rate caused by rapid activation of glycogen breakdown, which lasts less than 10 min. Thereafter, as tissue glycogen is depleted, the glycolytic rate remains accelerated in the anoxic heart because of a greater utilization of exogenous glucose. In contrast, in the ischemic heart, the accumulation of lactate and the reduction in tissue pH cause a subsequent inhibition of glycolysis in proportion to the degree of restriction of coronary flow.
Myocardial ischemia in man is usually a regional phenomenon. Little is known about the focal changes of myocardial glucose utilization that might be associated with episodes of transient ischemia in patients with coronary artery disease (CAD). The recent availability of positron emission tomography (PET) makes possible the noninvasive evaluation of regional myocardial perfusion and metabolism in man.' In the present study, we sought to determine by means of PET whether regional changes in glucose utilization could be demonstrated in the myocardium of patients with CAD and stable angina pectoris after an episode of exercise-induced ischemia.
Regional myocardial perfusion and glucose uptake were assessed with rubidium-82 (t2Rb) and '5F-2-fluoro-2-deoxyglucose (FDG), respectively.
Materials and methods
Study population. The myocardial region in relation to the delivered arterial activity presented to the heart. This approach was preferred to a subtraction of the blood pool scan directly from the steady-state scan because with the latter, the errors caused by the unavoidable position changes in the different phases of the study could have been greater than those of the method used, since a single blood pool scan was performed at the end of the study.
The glucose analogue 2-fluoro-2-deoxyglucose labeled with the positron emitter '8F (FDG, tl/2 110 min) was used to assess regional myocardial uptake of exogenous glucose. FDG competes with glucose for transport sites and phosphorylation by hexokinase in the cell. However, the phosphorylated compound FDG-6-PO4 cannot be further metabolized and is trapped within the cell in proportion to the uptake and phosphorylation of exogenous glucose.8' 9 Myocardial uptake of FDG was measured by scanning for a period of 600 sec, 45 to 60 min after the intravenous injection of 4 to 6 mCi of tracer. In each subject, serial venous blood samples were withdrawn after injection of FOG (i.e., 30, 60, 90, and 120 sec after the injection and then every minute up to 10 min and every 5 min up to 60 to 80 min) and the plasma concentrations of the tracer were measured in the calibrated well counter.
At the end of each study, a blood pool scan was acquired for 300 sec by means of the " C-carboxyhemoglobin (CO) technique.'0 This is based on labeling of red blood cells in vivo by inhalation of tracer amounts of "C-labeled carbon monoxide.
Venous blood samples were taken during the CO scan to measure the 11C activity in the blood.
Study protocol. The regional myocardial uptake of 82Rb and FDG was assessed at rest in six patients (group A). In eight patients (group B), regional myocardial uptake of 82Rb was assessed at rest, at peak exercise, and in the recovery phase. In this group, regional myocardial FDG uptake was measured after exercise. In two patients, myocardial FDG uptake was assessed both at rest and on exercise in two different sessions.
Regional myocardial uptake of FDG was also assessed in five normal volunteers at rest and in five after exercise.
Exercise. A bicycle ergometer test was performed in the supine position within the positron camera. The workload was started at 25 W and increased by the same amount every 2 min until the ECG showed significant ST segment depression (. 0.1 mV). At this stage the workload was kept constant and exercise continued for a further 3 to 9 min depending on the patient's compliance. Lead V5 of the ECG was monitored continuously throughout the exercise. A complete 12-lead ECG and arterial blood pressure were recorded every minute during the test and in the first 10 min of the recovery.
Regional myocardial 82Rb uptake was assessed during basal conditions, at peak exercise, and in the recovery phase. In all patients 82Rb uptake in the recovery phase was measured after the ECG had normalized. If cation distribution in the first recovery scan was still visually abnormal, one or more additional measurements were performed, as soon as the previous 82Rb activity had completely decayed, until the uptake defects that had developed during the stress test were no longer detectable. One equilibrium and one washout scan were recorded for each measurement.
FDG was injected intravenously 6 to 15 min after the end of the exercise when heart rate, blood pressure, ECG, and myocardial uptake of 82Rb had retumed to basal values. In five normal subjects, FDG was injected intravenously 5 to . This calculation provides a fraction that represents the uptake of FDG in each myocardial region in relation to the delivered dose presented to the heart. Definition of the actual input function, as obtained by arterial sampling, would be required for a more accurate measurement of myocardial FDG uptake. However, in this study, any error caused by either venous sampling or its low temporal resolution would affect all patients equally. In fact, the main aim of this normalization procedure was to compare FOG uptake in different subjects. Six circular regions of interest, 2.3 cm2 x 1.6 cm each (113 voxels), were selected in the resting 82Rb scan: two in the septum, two in the anterior wall, and two in the free wall of the left ventricle. These regions of interest were reproduced on all the subsequent 82Rb and FDG scans of the same patient. In the normal subjects, the six regions of interest were selected directly in the FDG scans recorded at rest or after exercise.
The following measurements were computed from each 82Rb tomogram for each patient: (1) the average value of 82Rb uptake (mean + SD) in each scan (at rest, at peak exercise, and during recovery), (2) range of uptake within each tomogram (i.e., the difference between the maximal and minimal value of uptake in the six regions of interest) and the change in range of uptake during exercise and recovery (as a measurement of homogeneity of uptake in each scan), and (3) change of uptake, between the resting and exercise scans, in the region with the largest and the smallest increase in uptake (to identify the regions responsible for the inhomogencity).
Regional 82Rb uptake at rest and during exercise was considered abnormal (ischemic myocardium) if it was more than 2 SOs below the mean of a previously studied group of normal subjects. "9 Paired t tests were used to compare differences within patients and unpaired t tests to compare differences between different patients and between patients and normal subjects.
Results
Myocardial 82Rb uptake. Average 82Rb uptake (FURb) was similar in normal subjects and patients at rest (0.47 + 0.07 vs 0.44 + 0.06). In contrast, the range of uptake within scans, an index of the degree of nonhomogeneity, was significantly greater in patients than in normal subjects (0.14 + 0.04 vs 0.06 + 0.03; p < .005). Despite this greater nonhomogeneity, in only one patient (No. 7) was a region of significantly reduced 82Rb uptake (i.e., 2 SDs below normal) detected in the resting 82Rb scan.
The exercise test performed within the positron scanner produced typical electrocardiographic changes and chest pain in all the patients of group B (table 2). Average t2Rb uptake at peak exercise was significantly lower than that in normal subjects (0.52 ± 0.08 vs 0.65 ± 0.09; p < .005). In all patients the range of uptake within the six regions of each exercise 82Rb scan was increased (figure 1) relative to rest and was significantly greater than that in exercising normal subjects (0.27 + 0.09 vs 0.09 ± 0.03; p < .001). Also, in all patients 82Rb uptake in the region with the smallest increase (or largest decrease) recorded during exercise was more than 2 SDs below the mean value for the normal volunteers (table 2, figures 2 and 3). A region of absolute reduction of cation uptake was found in five patients (table 2). 12Rb uptake in the nonischemic areas (i.e., those with the largest increase during exercise) rose to 0.63 + 0.07 and fell to within the range of values observed in normal subjects during exercise (0.65 + 0.09).
Both the overall uptake of 12Rb and the range of uptake within scans measured in the recovery scan (0.45 ± 0.08 and 0. 16 + 0.08, respectively) were not statistically different from the values obtained in the same patients before the exercise (table 2, figure 1) .
In the two patients of group B with single-vessel disease, the area of reduced 82Rb uptake during exercise was in the territory of distribution of the diseased artery. In the others, with two-or three-vessel disease, the area of reduced cation uptake during exercise was always located in the territory of the most severely diseased vessel (tables 1 and 2).
Myocardial FDG uptake. FDG fractional uptake at rest in patients of group A was not statistically differ-84 ent from that in normals (0.11 ± 0.03 vs 0.07 ± 0.04).
In all patients of group B and in the normal subjects, who were injected after exercise, myocardial FDG uptake was significantly higher relative to the values measured in patients and normal subjects at rest (figure 4). FDG uptake in the nonischemic regions (i.e., the regions that showed a normal increment of t2Rb uptake during exercise) was not significantly different from that in normal subjects (0.33 ± 0.18 vs 0.35 ± 0.21), whereas it was significantly lower than the uptake in the ischemic regions (0.47 + 0.18; p < .05) (figure 4).
In group B the region of reduced t2Rb uptake during exercise was characterized by a greater FDG uptake during the recovery phase than in the nonischemic myocardium of the same patient, with the exception of patient 25, who showed a greater FDG uptake in the nonischemic myocardium (figures 2, 3, and 5). In patient 7, the highest FDG uptake was observed in the region in which 82Rb uptake was already significantly reduced at rest (figure 3).
Plasma glucose and insulin levels in the patients were not significantly different from those in normal subjects (4.8 + 0.6 vs 4.7 ± 0.5 mmol/liter and 7 + 0.4 vs 10 + 1.5 mU/liter, respectively). In none of the normal subjects or patients were the values of glucose and insulin in the blood outside the limits for fasting individuals.
Discussion
The results of the present study show that transient regional defects of 82Rb uptake can be demonstrated during exercise in the myocardium of patients with CAD and stable angina pectoris. The region of reduced t2Rb uptake during exercise was always located in the territory of distribution of the most severely narrowed artery. The location of the area of reduced cation uptake was not predictable from electrocardiographic changes observed during exercise. Those regions with the greatest increase of cation uptake during exercise had absolute values of t2Rb uptake well within the range measured in normal subjects on exercise despite the fact that, in some patients, these were in the territory of a severely stenosed vessel. In all cases, 52Rb uptake returned to control values within 5 to 14 min after the end of the exercise. Thus, in agreement with previous results from our group,' the findings of this study indicate that, although t2Rb is not a pure flow marker and several factors may modify its extraction by the myocardium, the tracer is suitable for the detection of acute transient myocardial ischemia. Previous experiments have demonstrated the inverse relationship between myocardial flow and t2Rb extraction.7 Although the initial distribution of the tracer occurs through flow, the positron camera measures the mass of intramyocardial tracer. Therefore several factors, including flow, residence time, extracted fraction, fractional escape, and metabolism, affect the data.' However, when a reduction in regional perfusion is accompanied by evidence of ischemia, myocardial t2Rb uptake is severely and absolutely decreased below the control level. In only one of five patients with signs of prior transmural infarction on the ECG was I2Rb uptake in the infarcted area significantly reduced at rest. However, in all five, the range of uptake in the resting scan was significantly broader than that in normal subjects. All four patients in whom regional szRb detects could not be identified had signs of inferior infarction on their ECGs. The difficulty of evaluating the inferior left ventricular wall with transaxial tomography, particularly with a single-slice tomograph and in the absence of cardiac gating,11 could partly explain the inability to detect 12Rb defects in these four patients. The same limitation could have affected the detection of other possible ischemic regions during exercise.
Under resting conditions, the patients could not be differentiated from the normal subjects in terms of myocardial FDG uptake. In the patients and the normal subjects receiving tracer after exercise, myocardial FDG uptake was significantly higher in comparison with that measured at rest. In the patients, however, myocardial FDG uptake after exercise had a regional distribution opposite to that of 82Rb during exercise. In fact, in seven of eight patients, the regions of reduced t2Rb uptake during exercise were characterized by an FDG uptake, in the recovery phase, that was significantly higher than that in the nonischemic regions (i.e., those with a normal increment of cation uptake on exercise). This was observed for a wide range of exercise levels, demonstrating that the phenomenon is probably independent of the anginal threshold. However, FDG uptake in the nonischemic regions was not statistically different from that found in normal subjects after exercise.
Based on the small number of patients studied and on the practical difficulties of having each patient as his or her control for the rest and exercise FDG studies, one has to limit the inferences that can be made from these results. In patient 25, the exercise test was performed twice, and similar workloads and electrocardiographic changes were achieved. On both occasions cation uptake was reduced in the septum during exercise and FDG uptake during recovery was consistently higher in the nonischemic myocardium (free wall) compared with the septum.
A possible explanation for the findings in this patient might be the degree of partial volume effect in the different cardiac walls.'3 Because the spatial resolution of the ECAT II is 1.6 cm FWHM. the recovery of counts from the different myocardial walls, which are thin relative to the spatial resolution of the tomograph, is affected by their relative thickness. In a mid-ventricular section, the free wall of the left ventricle is thicker than the anterior and septal walls, compounded by the presence of the posterior papillary muscle in this region. This was responsible for a consistently higher 4 This seems to be largely caused by the conversion of phosphorylase from the b to the a form, which could be mediated by epinephrine through an increased production of cyclic AMP. 16 Increased glycogen synthesis in the myocardium has been reported in experimental animals after exercise. 17 FIGURE 5. 82Rb uptake at peak exercise and FDG uptake during recovery in the nonischemic (N) and the ischemic (IS) regions of each of the eight patients studied on exercise. In all but one patient, FDG uptake in the recovery phase is higher in the ischemic than in the nonischemic myocardium.
glycogen synthesis in the recovery from ischemia is significantly higher than that during control conditions. 20 The increased FDG uptake observed in the myocardium after exercise indicates only an increased transport and phosphorylation of exogenous glucose. In fact, because of the early metabolic trapping of the tracer as FDG-6-PO4, it is not possible to obtain direct information on its later fate. Nevertheless, it may be hypothesized that the higher FDG uptake in the postischemic muscle might be caused by increased glycogen resynthesis as well as by an increased flux through glycolysis. The former could be the result of more severe glycogen depletion in postischemic myocardium resulting from the combined effect of increased work and ischemia. The latter could be the result of a preferential use of glycolytic substrates for energy production in the postischemic phase.2' 
